Dihydropyrimidine dehydrogenase (DPD), the first enzyme in the sequential metabolism of pyrimidine, regulates blood concentrations of 5-fluorouracil and is deeply involved in its toxicity. This study was designed to examine the effects of a DPD inhibitor on blood concentrations of [2- 5-Fluorouracil (5-FU) is a metabolic antagonist of pyrimidine that was first synthesized by Duschinsky et al. (1957) . 5-FU and its prodrugs (tegafur, carmofur, doxifluridine, capecitabine, etc.) are anticancer agents that are widely used in the management of several common malignancies, including cancer of the colon, breast, and skin. Due to the structural similarity of 5-FU to the pyrimidine base uracil, it is incorporated into the metabolic cycles in vivo through the same routes as uracil, exhibits antagonistic action against anabolic metabolism (e.g., inhibition of DNA synthesis and RNA function), and kills tumor cells (Pinedo and Peters, 1988; Diasio and Harris, 1989) . In addition to tumors cells, however, host cells that rapidly incorporate precursors for nucleic acids selectively uptake 5-FU to cause cytotoxicity. As a result, unusually severe adverse drug reactions (e.g., diarrhea, stomatitis, mucositis, myelosuppression, and neurotoxicity) occur.
5-Fluorouracil (5-FU) is a metabolic antagonist of pyrimidine that was first synthesized by Duschinsky et al. (1957) . 5-FU and its prodrugs (tegafur, carmofur, doxifluridine, capecitabine, etc.) are anticancer agents that are widely used in the management of several common malignancies, including cancer of the colon, breast, and skin. Due to the structural similarity of 5-FU to the pyrimidine base uracil, it is incorporated into the metabolic cycles in vivo through the same routes as uracil, exhibits antagonistic action against anabolic metabolism (e.g., inhibition of DNA synthesis and RNA function), and kills tumor cells (Pinedo and Peters, 1988; Diasio and Harris, 1989) . In addition to tumors cells, however, host cells that rapidly incorporate precursors for nucleic acids selectively uptake 5-FU to cause cytotoxicity. As a result, unusually severe adverse drug reactions (e.g., diarrhea, stomatitis, mucositis, myelosuppression, and neurotoxicity) occur.
The major metabolizing organ for 5-FU is the liver (Ho et al., 1986) , which accounts for approximately 80% or more of the total systemic clearance (Woodcock et al., 1980; Heggie et al., 1987) . 5-FU is first converted by dihydropyrimidine dehydrogenase (DPD) to 5-fluorodihydrouracil, then by dihydropyrimidinase to ␣-fluoro-␤-ureidopropionic acid, and finally by ␤-ureidopropionase to ␣-fluoro-␤-alanine, ammonia, and carbon dioxide (Fig. 1) . These final metabolites are excreted in urine and breath.
Administration of 5-FU or a prodrug to patients with abnormal pyrimidine metabolism such as DPD deficiency or concomitant use with a DPD inhibitor probably causes abnormally high blood concentrations of 5-FU, which result in serious adverse drug reactions (Lyss et al., 1993; Morrison et al., 1997) . In a particularly notable example, the combined use of sorivudine (an antiviral drug) and 5-FU resulted in a large number of deaths in 1993 in Japan (Okuda et al., 1997 (Okuda et al., , 1998 . The mechanism of this severe toxicity was attributed to the generation of 5-(trans-2-bromovinyl)uracil (BVU) from sorivudine by gut flora (Nakayama et al., 1997) . BVU has strong DPD inhibitory activity. BVU, a structural analog of 5-FU, has been conclusively determined to inhibit DPD via an irreversible (i.e., covalent-binding) and mechanism-based inhibition (Desgranges et al., 1986; Nishiyama et al., 2000) . Given this background, diagnostic methods able to predict and prevent adverse drug reactions to 5-FU in patients with pyrimidine metabolism disorders have been actively sought. Although several methods are now available, including quantification of urinary pyrimidine (Sumi et al., 1995 (Sumi et al., , 1998 , measurement of DPD activity in peripheral monocytes (Fleming et al., 1992; Johnson et al., 1997) , and evaluation of DPD genotype (Ridge et al., 1998; Collie-Duguid et al., 2000) , none are considered highly reliable.
[2-13 C]Uracil ([ 13 C]uracil), whose C-2 position can be labeled with a stable isotope, 13 C, is metabolized by pyrimidine-metabolizing enzymes and finally expired as 13 CO 2 (Fig. 1) . In the present study, to examine relationships among the degree of DPD deficiency and uracil concentrations in blood and breath output, we administered [
13 C]uracil to DPD-suppressed beagle dogs prepared by preadministration of BVU (nominated as DPD-deficient model) and measured DPD activities in the liver cytosol, 13 CO 2 concentrations (⌬ 13 C) in the breath, and blood concentrations of [ 13 C]uracil. Blood Sampling and Plasma Separation. Approximately 2.5 ml of blood was collected from each animal using a heparinized vacuum blood-sampling tube before dosing and at 10, 20, 30, 40, 50, 60, 90, 120, 180 , and 240 min after oral administration and before dosing and at 2, 5, 10, 20, 30, 60, 90, 120, 180, and 240 min after intravenous administration. Immediately after collection, plasma was separated by centrifugation at 3500 rpm at 4°C for 15 min and kept frozen at Ϫ80°C until measurement of [ 13 C]uracil by liquid chromatographytandem mass spectrometry (LC-MS/MS).
Materials and Methods
Breath Sampling. Approximately 300 ml of breath was collected in a vinyl bag before and at 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 180, 210 , and 240 min after administration using a valve-equipped breath collection device that allows one-way breath inflow only. Approximately 200 ml of the collected breath was withdrawn from the bag with a syringe and dispensed into breath-collecting bags, which were kept at room temperature until the measurement of 13 CO 2 by gas chromatography/isotope ratio-mass spectrometry (IRMS).
Effects of DPD Inhibitor on the Pharmacokinetics of [ 13 C]Uracil. [ 13 C]Uracil at 20 mol/kg was orally or intravenously administered to three beagle dogs, each at 1 h after oral administration of BVU at 2, 5, and 40 mol/kg or 0.5, 2, and 40 mol/kg, respectively. Plasma and breath were then collected at the sampling times above. In addition, at 1 h after oral administration of BVU at 0.5, 2, 5, and 40 mol/kg, the livers were excised, and cytosol was prepared (n ϭ 3) by the method described below.
Preparation of Liver Cytosol. The animals were killed by bleeding under ketamin/xylazine anesthesia 1 h after BVU administration, and the liver was perfused with physiological saline, removed, and homogenized in 3 volumes of 10 mM Tris-HCl buffer (pH 7.4) containing 1 mM EDTA and 0.5 mM dithiothreitol with a Polytron homogenizer followed by stirring. A portion (10 ml) of the homogenate was further homogenized with a Potter-Elvehjem homogenizer. The homogenate was centrifuged at 105,000g for 60 min at 4°C to obtain supernatant (cytosol). The cytosol was applied to a MicroSpin G-25 column (Amersham Biosciences Inc., Piscataway, NJ) to remove endogenous substances. The eluate was collected as the enzyme source, rapidly frozen in liquid nitrogen, and stored at Ϫ80°C until activity measurement. 13 C]uracil were measured by LC-MS/MS (TSQ7000; Thermo Finnigan, San Jose, CA) using isotope-labeled uracil ( 13 C 4 , 15 N 2 ) as internal standard. After 0.25 ml of a saturated aqueous ammonium sulfate solution was added to 0.25 ml of plasma, [
13 C]uracil was extracted with 3 ml of acetonitrile followed by centrifugation at 1800g for 10 min. After the organic layer was evaporated to dryness and the residue was reconstituted in 200 l of purified water, 50 l of the resulting solution was injected into the LC-MS/MS, and the analytes were separated by methanol/ water (1:99 v/v) using a Develosil RPAQUEOUS column (5 m, 2.0 mm ϫ 150 mm; Nomura Chemical Co., Ltd., Seto, Japan). The protonated molecular ions [M ϩ 1] ϩ of the analytes and the internal standard, formed by atmospheric pressure chemical ionization, were fragmented, and the selected product ions were monitored (selected reaction monitoring) at a linear concentration range of 10 to 500 ng/ml. The limit of quantification, defined as the lowest concentration determined with a coefficient of variation (CV) of Ͻ20% and accuracy within 20%, was 10 ng/mL. Precision (expressed as CV%) and accuracy (expressed as bias%) were Ͻ15% and within 15%, respectively, for all analyte concentrations except the limit of quantification.
Analysis of 13 CO 2 in breath by gas chromatography IRMS. Concentration of 13 CO 2 in the breath was determined with a gas chromatograph IRMS (ABCA-G; PDZ Europa Ltd., Cheshire, UK).
13 CO 2 / 12 CO 2 ratios were expressed as the ␦ 13 C value (permil, ‰) relative to the Pee Dee Belemnite limestone standard, and changes in ␦ 13 C value as ⌬ 13 C (‰) were compared with the baseline.
Assay of DPD activities in liver cytosol. Enzyme reaction was performed according to the procedure of Etienne et al. (1995) . Briefly, the reaction mixture consisting of 70 mM phosphate buffer (pH 7.5), 5 mM MgCl 2 , 0.5 mM NADPH, and 40 M [6-14 C]5-fluorouracil was incubated at 37°C for 10 min. The reaction was then stopped by heating at 90°C for 2 min. After 25 l of Radioactivity in the [6-14 C]5-fluorouracil and radioactive products regions was analyzed with a bioimaging analyzer system (BAS2000; Fuji Photo Film Co., Ltd., Tokyo, Japan). The reaction ratio, corrected by the degradation ratio calculated using a blank reaction, was expressed as the percentage of the reaction products to the total radioactivity. Pharmacokinetic Analysis. Pharmacokinetic parameters for [ 13 C]uracil and 13 CO 2 were estimated using the noncompartmental pharmacokinetic methods of analysis (WinNonlin Standard version 3.1; Pharsight, Mountain View, CA). Maximum plasma concentration (C max ) and the time to C max (t max ) were expressed as the mean and S.D. of the values of the C max and t max assigned from observed data. Area under the plasma concentration-time curve (AUC t ) was calculated up to the last measurable point t by the linear trapezoidal method. The apparent terminal-phase disposition rate constant ( z ) was estimated by linear regression from the semilogarithmic curve of plasma concentration versus time using the last three or four points. Terminal elimination half-life (t 1/2 ) was calculated from 0.693/ z . AUCϱ was calculated by extrapolation to infinity by dividing the last measured concentration by z . Apparent total clearance (CL/F) was calculated from dose/AUCϱ, and the apparent volume of distribution (V z /F) was calculated from (CL/F)/ z . Breath pharmacokinetic parameters, namely breath t max , C max , AUC t and t 1/2 , were calculated by the same methods as plasma concentration.
Results

Pharmacokinetics of [
13 C]Uracil. Figure 3 , A and B, shows the 13 CO 2 concentration (⌬ 13 C) in breath versus time curves. Linear dose relationships were obtained for both breath AUC t and breath C max (Table 3) .
FIG. 4. Plasma concentration of [
13 C]uracil after oral administration of [ 13 C]uracil at 20 mol/kg in male dogs with or without BVU (mean Ϯ S.D., n ϭ 3 or 6). Fig. 4 . Pharmacokinetics in the breath calculated from 13 CO 2 concentration (⌬ 13 C) in breath versus time curve together with the relative ratios of breath C max , breath AUC t , and breath t 1/2 are shown in Table 6 , and ⌬ 13 C in the breath versus time curve is shown in Fig. 5 . Pharmacokinetics of [ 13 C]Uracil in DPD-Suppressed Dogs after Intravenous Administration. Pharmacokinetic parameters calculated from the plasma concentrations of [
13 C]uracil together with the relative ratio of AUC t , AUCϱ, and t 1/2 after intravenous administration at 20 mol/kg to DPD-suppressed dogs obtained by pretreatment with BVU at 0.5, 2, and 40 mol/kg are listed in Table 7 , and the plasma concentration of [ 13 C]uracil versus time curve is shown in Fig.  6 . Pharmacokinetics in the breath calculated from 13 CO 2 concentration (⌬ 13 C) in breath versus time curve together with the relative ratio of breath C max , breath AUC t , and breath t 1/2 are shown in Table 8 , and ⌬ 13 C in the breath versus time curve is shown in Fig. 7 . DPD Activities in Liver Cytosol. DPD activities in the untreated group and the groups pretreated with BVU at 0.5, 2, 5, and 40 mol/kg are shown in Fig. 8 . Relative ratios with respect to the untreated group were 0.71, 0.12, 0.06, and 0.04, respectively.
Discussion
As part of our studies into the prediction of adverse reactions to treatment with the anticancer agent 5-FU, we investigated the effects of inhibition of DPD on blood concentrations of [ 13 C]uracil and breath concentrations of 13 CO 2 (⌬ 13 C) after oral or intravenous administration of [
13 C]uracil to dogs prepared by pretreatment with BVU, a DPD inhibitor. Results showed that the breath output (⌬ 13 C) is a good marker of hepatic DPD activity in vivo.
We assumed that the DPD reaction is the rate-limiting step in uracil or 5-FU elimination. Because this reaction is the first step in uracil metabolism, whereas CO 2 is the end product of the final step, we reasoned that if an intermediate step became rate-limiting, breath analysis would reflect that limitation. In contrast, in DPD-deficient subjects, DPD would be rate-limiting for overall pyrimidine metabolism.
Results showed that the pharmacokinetic parameters (breath AUC t and breath C max ) obtained from the 13 CO 2 concentrations (⌬ 13 C) in the breath exhibited a linear relationship within the dose range of 10 to 80 mol/kg. In contrast, pharmacokinetic parameters (C max and AUC t ) determined from [
13 C]uracil concentrations in plasma were nonlinear. The time profile of ⌬ 13 C in breath after intravenous administration was closely similar to that after oral administration (Fig.  3B) , and similar values were observed with respect to those pharmacokinetic parameters (Table 4 ). This finding indicates that the absorption of [ 13 C]uracil was extremely rapid and the extent of absorption was very high. This is further supported by the finding that radioactivity recoveries in the breath, urine, and feces after oral [2-
14 C]uracil administration at 20 mol/kg to dogs were 90.6, 5.6, and 0.7%, respectively, of the dose given by 168 h (data not shown). This nonlinearity in blood concentration is likely due to the saturation of first-pass metabolism in the liver. In contrast, [
13 C]uracil that escaped the first-pass effect and entered the systemic circulation should be finally metabolized in the liver and excreted as 13 CO 2 . In other words, breath C max and breath AUC t represent the maximal metabolic activity (V max ) but not its affinity (K m ). This would explain why ⌬ 13 C in the breath output remained linear regardless of dosage route and increased with the increase in dose.
The relative ratios of C max , AUC t , AUCϱ, and t 1/2 were signifi- cantly increased as BVU dosage increased (Table 5) . Moreover, the bioavailability (F) of [ 13 C]uracil increased from 10.8 (control) to 105% (BVU, 40 mol/kg), indicating that the saturation of DPD by BVU is stronger and complete at higher doses. The V z /F value therefore decreased with the increase in BVU dose, whereas the V z value calculated using F ranged from 0.7 to 0.9 l/kg (Table 5) , close to the 0.7 l/kg (Table 2) obtained after intravenous administration. Thus, it was indicated that BVU has no substantial effect on the drug distribution process. On the contrary, the relative ratios of breath C max and breath AUC t decreased as the BVU dose increased ( Table 6 ), indicating that the breath output of 13 CO 2 reflects DPD activity in vivo. The delay of t max (Fig. 5 ) may be explained by the decrease in 13 CO 2 production due to the DPD suppression. The direct correlation between breath C max and liver DPD activity (Fig. 9A ) and breath C max and plasma clearance of [ 13 C]uracil (Fig. 9B) demonstrates that the change in breath C max is a sensitive indicator of a decrease in DPD activity.
The relative ratios of AUC t and t 1/2 after intravenous administration of [
13 C]uracil increased markedly as BVU dosage increased (Table 7) , although to a lesser degree than after oral administration. The relative ratios of breath C max and breath AUC t remarkably decreased as BVU dosage increased (Table 8 ). These decreases in breath parameters were approximately the same as those after oral administration at the same BVU doses (2 and 40 mol/kg). The rate-limiting factor of clearance for drugs with a high first-pass effect is hepatic blood flow after intravenous administration but hepatic intrinsic clearance after oral administration (Shand et al., 1975) . The limiting factor of clearance is therefore different between intravenous and oral routes of administration. Approximately 90% of [ 13 C]uracil is subject to first-pass metabolism, a similar ratio to that for 5-FU (Almersjo et al., 1980; Kuan el al., 1996; Sawai et al., 1997) . DPD activity is localized predominately in the liver (Ho et al., 1986) . DPD activity in the liver of the group pretreated with BVU at 0.5 mol/kg as a ratio of that of the untreated group was 0.71, or in other words decreased by approximately 30%. Thus, given that blood flow is the rate-limiting factor in intravenous administration, even though DPD activity was decreased by about 30%, the decrease had little influence on blood concentration (Fig. 6) , and the change in breath reaction was small (Fig. 7) . On the contrary, blood concentration after oral administration directly reflects a change in DPD activity (capacity of enzyme reaction). The differences observed in the relative blood concentration ratios between the intravenous and oral administration routes with respect to the untreated controls can therefore be explained by the difference in the susceptibility of clearance to the decrease in intrinsic clearance.
Because approximately 90% of the dose was excreted as 13 CO 2 in breath in the DPD-normal model, it is assumed that 10% remained as parent drug in the blood. If 70% of the dose were excreted in breath in the DPD-deficient model, the remaining parent drug would be noticeably elevated 3-fold above the normal model (10330%), whereas changes in the breath response would not be large, namely only a 20% reduction (90370%). This interpretation may explain the pharmacokinetic discrepancy seen between breath excretion (⌬ 13 C) and plasma [
13 C]uracil concentrations following the moderate suppression (i.e., 30%) of DPD activity. On the other hand, when DPD activity was markedly decreased (i.e., to 10% of the control), the breath output of 13 CO 2 was remarkable and easily detected. The most important finding of the present study is that the breath response (⌬ 13 C) reflected the degree of DPD activity in the liver (Fig.  9, A and B) . Sludden et al. (1998) showed that the species order of DPD activity was mouse Ͼ rat Ͼ human Ͼ dog Ն cynomolgus monkey Ն rhesus monkey, whereas Collins (1985) showed that the clearance values of 5-FU were similar in dogs and humans. Khor et al. (1997) stated that the pharmacokinetics of 5-FU in the DPD-deficient state in humans could be predicted from animal data, including dogs. We therefore speculate that the DPD-deficient dog model is a good surrogate model for humans. Our DPD-deficient model may be useful for the preliminary assessment of interindividual variability in 5-FU pharmacokinetics and toxicity caused by genotype-dependent DPD deficiency in humans. Further study is required to evaluate the clinical use of [ 13 C]uracil breath testing in the identification of DPD-deficient patients before 5-FU cancer chemotherapy.
